A layered CdS/ZnS catalyst film was synthesized on glass using the stepped chemical bath 2 deposition method. The film catalyst was shown as visible light-driven photocatalyst 3 capable of producing H 2 under visible light. The ZnS outer layer helped suppress the 4 recombination of photo-generated electron-hole pairs on the CdS base layer, leading to 5 faster H 2 generation. The use of the ZnS layer also greatly improved the stability of the 6 catalyst film and prevented the leaching of Cd 2+ from the CdS layer. Deposition of Ru on 7 the catalyst film further increased its photoreactivity for H 2 production. The photocatalyst 8 was effective in H 2 production together with the degradation of model organic substances, 9 such as formic acid, methanol, and ethanol. The greatest H 2 production rates were achieved 10 2 using the CdS/ZnS/Ru film in the formic acid solution at 123 µmol/m 2 -h under visible light 11 and 135 mmol/m 2 -h under the simulated solar light. The corresponding theoretical reduction 12 rates of chemical oxygen demand (COD) were 1.9 and 2.1 g/m 2 -h, respectively. As the 13 multilayer CdS/ZnS/Ru film catalyst can be easily separated from water, it has a great 14 potential for simultaneous photocatalytic hydrogen generation and organic wastewater 15 treatment using solar energy. 16 17
Introduction

21
Hydrogen is one of the most promising forms of clean and renewable energy. 22
Photocatalytic hydrogen generation from water is an attractive and environmentally friendly 23 method to harvest solar energy [1, 2] . However, while visible light (λ>420 nm) covers a large 24 portion of the solar spectrum, most photocatalysts, such as TiO 2 , function only under 25 energy-intensive ultraviolet (UV) irradiation. Efforts have been made in recent years to 26 develop photocatalysts, such as metal oxides (e.g. ZnO) and metal sulfides (e.g. CdS), that 27 respond to both UV and visible lights for water photolysis [3] . However, most photocatalysts 28 are still hampered by typical problems such as the recombination of photo-generated 29 electron-hole pairs [4] and low stability of the catalysts due to photo-corrosion [5] [6] [7] . 30
In addition to hydrogen evolution (H + reduction), photocatalytic reactions in water 31 possess a strong oxidation power that may be utilized for pollutant degradation [8, 9] . 32
During the photocatalytic process under solar light, pollutants such as sulfide and organic 33 matters [3, 10] , including alcohols [11] [12] [13] [14] [15] and organic acids [6, 15, 16] , can function as 34 electron donors for hydrogen evolution, while the pollutants are degraded. In such asystem (D8 Advance, Burker AXS) with Cu Kα irradiation from 10-90 degrees. The diffuse 86 reflection spectrum (DRS) of the catalyst film was obtained using a UV-vis 87 spectrophotometer (Lambda 25, Perkin Elmer) that was converted from the reflection 88 function to the absorbance function following the Kubelka-Munk method [26] . The 89 morphology of the thin catalyst film was examined under a scanning electron microscope 90 (SEM, Hitachi S-4800 FEG), and the thickness of the catalyst film on the glass surface was 91 measured using an atomic force microscope (AFM, BioMAT™ Workstation). 92 93
Photocatalytic H 2 production with different model organic pollutants under
visible light
95
The photocatalytic hydrogen production experiments were conducted in a cylindrical 96 photo cell made of optical glass. A 300 W Xe lamp setup (PLS-SXE Xe light source, 97
Trustech) was used as the light source with a cutoff filter (λ < 420 nm) installed to provide 98 visible light (denoted by Vis, light intensity ~ 70 mW/cm 2 ) and without a cutoff filter to 99 simulate the solar light (denoted by Solar, light intensity ~ 86 mW/cm 2 ). Two pieces of the 100 glass slides with the catalyst film were placed next to each other in the photo cell filled with 101 150 mL of water or an organic solution. The light was applied from the top of the photo cell 102 on a total catalyst film area of 27.5 cm 2 . Different model organic pollutants (formic acid, 103 methanol, and ethanol) were tested for the photocatalytic H 2 production and organic 104 degradation experiments. The solution had an organic content of 10% by volume and was 105 kept at pH~7. The gas produced during the photo-tests was collected, and its hydrogen and 106 carbon dioxide contents were determined using a gas chromatograph (HP5890 Series II, 107
Hewlett Packard). Each run of the photo-test lasted approximately 4 h. The reactivity of the 108 photocatalyst in different solutions was evaluated in terms of the specific hydrogen 109 production rate (R) and energy conversion efficiency (η), as determined by the following 110 equations: 111 
where R A and R w are the area-based and weight-based specific H 2 production rates, 115 respectively, m H2 is the moles of the H 2 produced, t is the duration of the photoreaction, A is 116 the irradiation area (27.5 cm 2 ), W is the amount (weight) of the catalyst in the photocell for 117 H 2 generation, ΔH c is the combustion value of H 2 (286 kJ/mol), and I is the light density. The 118 photocatalytic H 2 generation test was repeated 10 times for each catalyst film under an 119 experimental condition to evaluate the reproducibility of the experiment and the stability of 120 the film catalyst. In addition, the amount of Cd 2+ leaching into the water during the 121 photocatalytic experiments was measured using an atomic absorption spectrometer (AAnalyst 122 300, Perkin Elmer). 123 124
Results and Discussion
125
Synthesis and optimization of the double-layer film catalysts
126
The coating solution's pH was found to control the rate of CdS deposition and the 127 quality of the coating layer on glass (Fig. 1) . The rate of CdS deposition generally increased 128 as pH increased. As shown by the SEM images, the deposition was slow at pH 8.5 and the 129 surface coating was not completed in 30 min. At pH 9.0, the CdS deposition film was not 130 uniformly distributed on the glass and the coating quality was unsatisfactory. At pH 9.5, the . At pH 8.5, the 142 hydrolysis of thiourea was slow, which hindered the deposition of CdS on the glass [27] . 143
When the pH was increased to 9.0, the hydrolysis of thiourea became faster. However, due 144 to the low NH 3 level (0.0027 M based on its equilibrium constant), a high concentration of 145 free Cd 2+ resulted in a rapid CdS precipitation on the glass surface and in the bulk solution. 146
This facilitated a cluster-by-cluster deposition to form a thick and non-uniform coating layer 147 on the glass surface. The coating layer was loose and could easily peel from the surface. At 148 pH 9.5, a smooth and uniform CdS film was formed on the glass with adequate NH 3 149 (0.0088 M) chelating Cd 2+ and sufficient hydrolysis of thiourea. The film growth rate and 150 thickness were moderate, for which the heterogeneous 'ion by ion' deposition was expected 151 at the surface with a low potential of film cracking [28] .Thus, pH 9.5 was chosen for the 152 deposition of the inner CdS layer. 153
The ZnS layer was deposited by the similar chelating system at pH 10 to form a 154 condensed film [25] . The ZnS growth rate was controlled by the deposition temperature.Supporting Material). At a low temperature of 40 ˚C, the ZnS deposited on the CdS surface 157 was thin, uneven and loose, which could easily fall off from the surface. At a high 158 temperature of 60 ˚C, the ZnS film was thick and the interface was loose. At 50 ˚C, the best 159 film deposition quality could be achieved with a compact ZnS layer and its firm adhesion to 160 the inner CdS layer. 161
The outer ZnS layer was found to affect the photo-reactivity of the CdS/ZnS film 162 catalyst. For photocatalytic H 2 production with formic acid as the model organic, hydrogen 163 was produced by the single layer CdS film, and no hydrogen was produced by the single 164
ZnS layer under the visible light and simulated solar light (Fig. 
2). Deposition of ZnS on the 165
CdS layer did not reduce its H 2 production activity. On the contrary, the ZnS outer layer 166 significantly increased the H 2 production rate of the photocatalyst film. With the ZnS 167 coating for 2 h, the double-layer film catalyst CdS/ZnS-2h achieved the highest H 2 168 production rate of 31.2 µmol/h under visible light and 45.9 µmol/h under the solar light, 169 which is three times of that obtained with the single-layer CdS film. However, further 170 increasing the ZnS coating period to 3 h resulted in no additional increase of the H 2 171 production rate. 172 173
Characterization of the double-layer CdS/ZnS thin film photocatalyst
174
The inner CdS and outer ZnS layers can be well identified on the glass slides (Fig. 3) . 175
The base CdS formed a dense layer on the glass with an average thickness of about 150 nm 176 as measured by the AFM. The outer layer of CdS/ZnS-2h had an average thickness of 125 177 nm consisting of fine ZnS particles. The XRD analysis indicated different crystal phases of 178 the CdS/ZnS film catalyst (Fig. 4) The diffuse reflection spectra of the single-layer CdS and ZnS films and the 185 double-layer CdS/ZnS film displayed the photo-sensitivity of the catalyst films (Fig. 5) show in Fig. S1 [14, 15] . 210
The use of the outer ZnS layer also improved the stability of the CdS-based 211 photocatalyst under either the visible light or simulated solar light. After 10 runs of the 212 photo-H 2 tests, the composite double-layer catalyst retained 90% of its H 2 -producing 213 capability under visible light, while the single-layer CdS film retained only 52% of its 214 reactivity for H 2 production (Fig. 6A) . A similar comparison of the test results was also 215 observed under the solar light between the photocatalyst films with and without the ZnS 216 layer (Fig. 6B) . 217
The ZnS outer layer also prevented the leaching of Cd 2+ from the catalyst film during 218 the photocatalytic process. Between test runs 2 and 5, the CdS/ZnS-2h catalyst had an 219 average Cd 2+ leaching rate of 24.7 µg/h under visible light, while the single-layer CdS film 220 had a Cd 2+ leaching rate of 73.7 µg/h (Fig. 6A ). Between runs 6 and 10, the leaching of 221
Cd
2+ from CdS/ZnS-2h diminished to a rate of 1.2 µg/h compared to the CdS film with a 222 Cd 2+ leaching rate of 24.3 µg/h. The similar results were obtained with the same catalyst 223 films under solar light (Fig. 6B) . Use of the outer ZnS layer physically separated CdS from 224 the reaction medium to protect the more reactive CdS layer against photo-corrosion. 225
The adhesion and stability of the coating films are of extremely importance to the 226 performance of the film catalyst. The quality of the catalyst films was regularly assessed by 227 manual examination and visual and SEM observations during the synthesis process and the 228 photocatalytic hydrogen production tests. After a number of test runs, the aqueous solution 229 remained clean and clear, and the SEM images also showed the compact morphology of the 230 films (Fig. S2, Supporting Material) . There was no sign of the films peeling off from the slidesurface. The thickness and roughness of the films before and after the hydrogen production 232 tests were also detected by the AFM, and the results presented in Table S1 (Supporting 233 Material) show little changes of the photocatalyst films (the thickness remained at ~150 nm 234 with a roughness of ~13 nm). As reported in Fig. 6 , after 10 runs of the photo-H 2 tests, the 235 composite catalyst film retained 90% of its H 2 -producing capability under visible light. All of 236 these indicate the good quality and stability of the catalyst films deposited on the glass slides. 237 238
Hydrogen production with simultaneous organic degradation
239
The CdS/ZnS film catalyst was capable of both photocatalytic H 2 production and 240 organic degradation under visible light and solar light (Fig. 7A) . The H 2 production rate 241 increased for the model organic pollutants in an order of ethanol, methanol, and formic acid. 
12
The highest H 2 production rate under visible light was achieved at 123 mmol/m 2 -h 257 with the CdS/ZnS/Ru film in formic acid, with an energy conversion efficiency of 1.41%. 258
The highest H 2 production rate under the simulated solar light was 135 mmol/m 2 -h in 259 formic acid, with an energy conversion efficiency of 1.26%. In relation to H + reduction for 260 H 2 production, the corresponding organic degradation in terms of the chemical oxygen 261
demand (COD) removal may be estimated using the following formula: 262 photo-generated holes on the valence band of CdS/ZnS [33] , resulting in the organic 272 decomposition and CO 2 production. 273
The hydrogen production rates in the methanol and ethanol solutions under visible light 274 were 104 and 92 mmol/m 2 -h, respectively, which are higher than that reported by Daskalaki 275 et al. [34] for the Pt/CdS/TiO 2 film catalyst. Hydrogen production from 10% ethanol 276 achieved an energy conversion efficiency of 1.04% in visible light, which is also higher 277 than the efficiency reported by [35] . 286
The composite CdS/ZnS double-layer film structure exhibited a synergetic function of 287 the catalyst materials for photocatalytic H 2 generation and organic degradation. Moreover, 288 as described previously, film-type photocatalysts can be easily separated from water or 289 solutions for repeated use. This property is particularly important in wastewater treatment 290 applications. The catalyst film also allows better light penetration compared with the 291 suspension of catalyst powders [38] . The CdS/ZnS/Ru film catalyst had a 292 weight-based-specific H 2 production rate of up to 8.5 mmol/g-h for visible light irradiation, 293 which was higher than that of the CdS/ZnS/Ru catalyst powders. This implies that the 294 photocatalyst film is as good as catalyst powders in utilizing visible light or solar light for 295 H 2 production. Together with its immobilized feature, the multilayer CdS/ZnS/Ru film 296 catalyst demonstrates a great more potential for simultaneous photocatalytic H 2 production 297 and wastewater organic degradation. 298 299
Conclusions
300
• The double-layer CdS/ZnS film catalyst was synthesized by chemical bath deposition 301 for photocatalytic H 2 production under visible light. The ZnS outer layer helps suppress 302 the recombination of photo-generated electron-hole pairs on the more photosensitive 303
CdS base layer, leading to a faster H 2 production rate. Moreover, compared with the 304 single-layer CdS film, the use of ZnS in the double-layer CdS/ZnS film greatlyimproved the stability of the catalyst and prevented the leaching of Cd 2+ from the 306 catalyst film. 307
• The visible light-driven photocatalyst was capable of both producing hydrogen and 308 degrading model organic pollutants (formic acid, methanol, and ethanol). The 309 CdS/ZnS/Ru film had an H 2 production rate of 123 mmol/m 2 -h in the formic acid 310 solution with an energy conversion efficiency of 1.41%. In relation to H 2 production, the 311 theoretical COD reduction rate for formic acid was 1.9 g COD/m 2 -h by the catalyst film 312 under visible light. 313
• As the multilayer CdS/ZnS/Ru catalyst film is well immobilized and can be easily 314 separated from water, it presents a great potential in both photocatalytic H 2 generation 315 and organic wastewater treatment using solar energy. ZnS-3h specify the duration (1, 2, and 3 h) of ZnS deposition on the catalyst films) 437 
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